Abstract Dual mobility cup systems in total hip arthroplasty consist of a metal back with a non-constrained liner, in which a constrained standard head articulates. While superior stability of such implants in comparison with standard total hip replacements is assumed, it is the purpose of this study to outline the biomechanical concept of dual mobility cups and to describe implant survival and dislocation rate based on the series published in the English-speaking and Francophone literature. A growing body of evidence indicates reduced dislocation rates in primary and revision total hip arthroplasty and in selected tumour cases. The limited availability of studies evaluating long-term implant survival and existing concerns with regard to increased wear rates and aseptic loosening, leads to the conclusion that such implants have to be used with prudence, particularly in standard primary hip arthroplasty and in young patients.
Introduction
Instability after total hip arthroplasty (THA) remains an important complication, with reported dislocation rates ranging from 2 to 3 % [1] [2] [3] . Constrained devices for patients with chronic instability remains an option; however, there are few studies in the current literature that describe its use. Such systems are associated with a high rate of aseptic loosening, which has been reported to be in the order of 10 to 26% [4] [5] [6] . Furthermore, cases of dissociation of the liner/cup interface, failure by breakage, and excessive polyethylene wear have also been described [7] . Therefore, in order to increase the stability while avoiding the excessive stress on the cup/bone interface that invariably occurs in fully constrained systems, Bousquet in France designed the "double mobility cup" in 1976. In the English literature, the term "tripolar cup" is commonly used to describe this system, which consists of a combination of two apparent joints, one large unconstrained joint between the metal cup and the liner, and a smaller constrained joint between the liner and a standard metallic head that is attached to the femoral component. As such, the large diameter of the unconstrained joint (i.e. effective head size) theoretically reduces the risk of dislocation.
Nevertheless, many surgeons have been hesitant to use tripolar cups due to fears of excessive polyethylene wear. In vitro studies [8] have shown that large metal-polyethylene friction surfaces are associated with increased polyethylene wear rates. However, these studies are based on experimental models using standard THA with various head sizes. Data on kinematics of tripolar cups in vivo and on its effect on wear rates are currently limited.
In recent times, a number of clinical studies with significant follow-up have been published [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Therefore the aim of this study was to review the current and historic English and French literature with regard to clinical outcome of tripolar cups and discuss the in vitro studies that have evaluated the biochmechanical basis of such systems.
Factors influence prosthetic joint stability
The factors that influence prosthetic joint stability can be broadly classified into three main groups-patient factors, technical or surgical factors and prosthetic factors. In terms of patient factors that can increase the risk of joint dislocation, both gender and age have been shown to play an important role. Several studies have shown that women have a higher dislocation rate compared to men [1, 3, 19] , and the cumulative risk seems to increase with advancing age, in particular when over the age of 70 years [1] . This has been attributed to older patients having possibly poorer soft tissues, with a greater incidence of episodes of confusion and thus noncompliance with dislocation precautions [20] . Technical or surgical factors that contribute to joint instability include previous surgery to the hip [3] , posterior approach or trochanteric osteotomy and implant malpositioning [21] . Prosthetic factors include the size of the femoral head component, the size of the acetabular cup and also the degree of femoral neck offset [22] . Jameson et al. [23] examined 247,546 procedures and demonstrated a significant reduction in the dislocation rate when using larger femoral heads.
The dual-mobility cup is a tripolar cup with a fixed porous-coated or cemented metal cup, which articulates with a large mobile polyethylene liner (Fig. 1) . Into the latter, a standard head (usually 22 or 28 mm) is inserted. The articulation between the head and the liner is constrained, while the articulation between the liner and the metal cup is unconstrained (Fig. 2) . The interposition of a mobile insert represents an increase in the effective head diameter. Due to a favourable head-neck ratio, such systems allow greater range of motion whilst avoiding early femoral neck impingement with a fixed liner or metal cup. Tripolar cups, therefore theoretically reduce the risk of dislocation.
Several studies have shown that the use of large femoral heads reduces the rate of dislocation [23, 24] . However, the theoretical jumping distance (i.e. the amount of lateral femoral head translation necessary for dislocation to occur) does increase with head size. Interestingly, Sariali et al. [25] demonstrated, using numerical models, that the theoretical gain in stability using large head diameters becomes negligible with increasing abduction angle of the cup.
Wear
The usual wear rate of metal-on-polyethylene couples is 0.1-0.2 mm/year [26] . Progression of osteolysis seems to be correlated with wear rates and size of the particulate debris [27] . Dumbleton et al. in 2002 observed that osteolysis was relatively uncommon when linear wear rates were less than 0.1 mm/year [27] .
The trade off with larger femoral heads is thinner acetabular bearings. To date, there is a large body of evidence that suggests that thinner liners that are made of conventional polyethylene are associated with excessive wear rates, thereby invariably limiting implant survival [28, 29] . The advent of highly cross-linked polyethylene and hard bearings such as cobalt-chrome or ceramic has therefore been proposed to limit this disadvantage, hence allowing the use of larger heads with low wear rates. The long-term survival rates of highly cross-linked polyethylene has not been fully established; however, short-term studies have shown a 45 to 99 % reduction in wear at three to five years [23, 28, 29] . The benefit of a tripolar acetabular component is that for a given cup diameter, a larger effective head size (i.e. outer diameter of the constrained polyethylene liner) can be used, as compared to all conventional fixed-liner devices.
Measuring the wear of tripolar cups cannot be performed using the X-ray technique described by Wroblewski [30] for standard acetabular cups. This method quantifies the extent of eccentric placement of the head within the liner. In tripolar cups, the femoral head is poorly visible on standard antero-posterior views due to its deep position in the metal cup, which often is designed with a cylindrical extension onto the hemisphere (Fig. 1a) . In addition, the position of the mobile liner cannot be accurately determined on plain radiography, as head eccentricity reflects the combined wear of both the inner and outer liner surface, which is difficult to Fig. 1 Uncemented and cemented versions of a dual mobility cup. In this particular cup, a cylindrical extension (double arrow) beyond a hemisphere is added for additional joint stability (courtesy of Symbios SA, Yverdon-les-Bains, Switzerland) distinguish on plain X-rays. As a result, due to the large diameter of the inserts in tripolar cups, volumetric wear at the interface between the liner and the cup may be substantial even with minimal linear wear.
Another type of liner wear that has been described is "intra-prosthetic dislocation" which has been introduced to describe excessive wear at the head-liner interface, leading to internal subluxation and an incongruent articulation between the head and the metal cup and the development of excessive metallosis.
Adam et al. [31] analysed 40 retrieved tripolar cups (with 22.2 mm heads), which were removed after septic or mechanical failure. The mean interval between implantation and retrieval was eight years (range, 3-15.5 years). Macroscopic examination was followed by a surface analysis with measurement of changes of internal and external liner sphericity. Internal concavity was measured in the three dimensions using a 4-mm stylus. External convexity was measured by lateral projection. Linear and volumetric wear was determined by comparing the corresponding dimensions of new inserts. Linear and volumetric wear observed in these 40 cups were comparable to those reported for standard metal-on-polyethylene bearing couples (with 22.2-mm heads) [30, 32, 33] . In addition, the combined wear on both the convex and concave surface in tripolar cups was comparable with conventional metal-on-polyethylene bearings [33] . Mean linear wear (i.e. sum of wear on the convex and concave surfaces) was 82±72 μm. Total annual volumetric wear was 54±40 mm 3 /year (29±28 mm 3 /year on the convex and 26±23 mm 3 /year for the concave surface). We are not aware of any data regarding the movement in the unconstrained articulation of tripolar cups (i.e. between the liner and the metal cup) over time. It seems likely that this movement diminishes with time, an effect that was observed with bipolar hemi-arthroplasties [34] . The fact that Adam et al. [31] report similar wear rates for both articulations suggests that the volumetric wear per cycle is greater in the unconstrained articulation compared to the articulation between the head and the liner.
To overcome increased wear rates of tripolar cups, highly crossed-linked polyethylene liners have been introduced. Wear rates of such implants appear to be lower than previously reported for standard polyethylene liners [10] . However, this effect has yet to be confirmed by independent clinical trials with long-term clinical follow-up. To date, hard bearings in tripolar cups (i.e. all ceramic tripolar systems [35] ) have not yet been introduced into the routine clinical practice and, as such, the data is limited.
Cup fixation
Farizon et al. [36] previously described the changes in design of the first-generation tripolar cup, which were the result of failure of cup fixation due to delamination of the alumina layer coating on a grit-blasted surface. The first modification consisted of substitution of the alumina with hydroxyapatite on grit-blasted surfaces, and at the same time, the fixation of the tripolar cup was converted to a press-fit fixation with additional security achieved with extra-acetabular screws.
Massin et al. [37] analysed the results of the design modification of the second-generation of tripolar cups. The authors retrospectively analysed 2601 s-generation cups, with a mean follow up of five years (5-11 years). They reported that the ) survival of grit-blasted cups was less than that for press-fit, suggesting that primary fixation of grit-blasted dual-mobility cups should be secured with screws [37] .
Clinical series
We conducted a comprehensive literature search on Medline using the search terms dual mobility or tripolar cup. Data was analysed with regard to the type of implant, the bearing couple, head and cup size, implant survival rates and complications such as early and late dislocation and wear rate.
We retained two prospective [38, 39] and 13 retrospective studies (Table 1) for evaluation. With the exception of the first case series by Farizon et al. [36] published in 1998, all studies were dated after 2006. All studies are of level 4 evidence, except the study from Adam et al. [39] , which was level 3. The selected studies include 12 retrospective and two prospective case series. In addition, the study by Vielpeau et al. [9] is a case-control study comparing two different types of tripolar cups. Six studies have a mean follow-up of more than ten years [2, 9, 13, 36, 40, 41] .
Overall, there was a total of 2,758 total hip arthroplasties with tripolar cups in the 14 studies that were included. The mean follow up ranged from one to 22 years. Case selection was not homogenous in the different series; eight studies included exclusively cases of primary total hip arthroplasty. In four studies, cases of THA revision for recurrent dislocations were selected. Two studies analysed a series of femoral neck fractures [14, 39] and one reconstruction after tumour resections [16] .
Vielpeau et al. [9] reported a large series of 668 cases of primary THA. A subgroup of 437 cases with original Bousquet tripolar cups (Novae-1 ® , Serf, France) with a mean follow up of 16.5 years was compared with a subset of 231 cases with second generation cups (Novae E ® Serf, France) with a follow up of 5.2 years. Revision-free survival was 95.6 % and 84.4 % at five and 15 years, respectively, for the original Bousquet cups. The second generation Novae ® cups showed a five-year survival rate of 99.6 %.
Philippot et al. [2] , Boyer et al. [13] , Lautridou et al. [40] , and Farizon et al. [36] also reported large series with long follow up including 384, 240, 437 and 135 cases, respectively. These series are homogenous in that the original first generation Bousquet cups with 22.2-mm metal heads were implanted through an anterolateral approach. The 15-year revision-free survival rates ranged from 81.4 to 96.7 %.
These survival rates are comparable to THRs with other bearings. The annual Swedish Joint Registry [42] reported revision-free survival rates of 85-90 % with uncemented cup and 90-95 % with cemented cup. Uncemented stems have a revision-free revision from 97 to 98 % as compared to cemented stems, with rates ranging from 95 to 96 %. Important complications described in these four series [2, 13, 36, 40] included, on the acetabular side, aseptic loosening (1.8-3.4 %), granulomas (4 %), polyethylene fracture (0.7 %), "excessive" polyethylene wear (1-1.8 %) or acetabular screw fracture (1 %). On the femoral side, reported complications included aseptic (2-3 %) or septic loosening (0.8 % only described in the study of Boyer et al. [13] ), femoral granulomas or osteolysis (0-11 %), unscrewing of the femoral stem (2 %), and stress shielding (1.8 %).
Vielpeau et al. [9] noted in the group of the original Bousquet cup, 30 revisions were for loosening and there were five cases of dislocation (1 %, two early and three delayed). He also reported 28 cases of osteolytic granulomas at five years (6 %). However, no case of dislocation or revision surgery for aseptic loosening was reported in the subset of 231 with the second generation Novea ® cups. Two femoral granulomas were described during the first five years of follow-up (1 %).
Leclercq et al. [38] published the only prospective, nonrandomised, multicentre evaluation for primary arthroplasty with the use of tripolar cups. They reported 194 cases with a mean follow up of six years (range, five to seven years). Two cemented stems presented a radiolucent line in the metaphyseal zone. Three patients (1.5 %) underwent revision surgery: one for aseptic loosening of the stem, one for periprosthetic fracture at three years and one for haematogenic infection. No dislocations were reported in this series.
Tarasevicius et al. [14] compared dislocation rates of tripolar cups with that of standard cups in patients undergoing THA for femoral neck fractures. He analysed the dislocation rate in 56 consecutive patients operated with conventional (fixed-liner) cemented acetabular components to that of 42 consecutive patients operated with dual articulation acetabular components. In this series, all the patients were operated upon via posterior approach and were followed up to one year postoperatively. No dislocation was reported in the group with dual mobility compared to eight cases (14 %) of dislocation in the group with conventional fixed liners.
Guyen et al. [43] , Langlais et al. [44] , Hamadouche et al. [18] , and Leider-Wackenheim et al. [12] retrospectively evaluated results of tripolar cups for management of instability after conventional primary THA. The cohorts of patients ranged from 47 to 82 cases and the mean follow-up period was two to eight years. Survival rate at five years was 94.5-98 % and the incidence of dislocation was 1-5.5 %. Of note, in all patients that had a dislocation, only a single episode of dislocation was reported. Complications included trochanteric non union (5.5 % in the study from Guyen et al. [43] , where three of 54 THAwere associated with preoperative non-union) and deep infection (3-5.5 %), all of which were managed with retention of the implants. Revision for aseptic loosening was required in 2 % of cases. Leider-Wackenheim et al. [12] described four cases (6.7 %) of iliopsoas irritation, which was successfully treated conservatively. n/a n/a n/a n/a n/a n/a n/a n/a 19 Saturne® n/a n/a n/a n/a n/a n/a n/a n/a 28 mm (n06) n/a n/a n/a n/a n/a n/a n/a n/a
Boyer et al. 2011 [13] Finally, total hip replacement following tumour resections has been associated with a high risk of dislocation, largely due to loss of bony and soft-tissue structures. Philippeau et al. [16] retrospectively analysed 71 cases of dual mobility cups implanted following extensive tumour resections with a mean follow up of 3.3 years. In their series, dislocation occurred in seven cases (9.8 %), which was in the setting of extensive tumour resections that included removal of substantial acetabular bone stock and the hip stabilisers, in particular gluteus medius. Revision for acetabular loosening was performed in four cases (5.6 %) and there were nine cases of deep infection (12 %).
Conclusions
The rate of instability following THR increases with time, although the dislocation rate is considerably lower in shortterm studies (1 % at one year) [1, 3, 45] . Berry et al. [1] have reported a cumulative long-term risk of dislocation after total hip arthroplasty up to 7 % at 25 years. This rate is about two to three times higher in revision surgery [3, 46, 47] . Furthermore, the incidence of dislocation is highest in the first year after arthroplasty and then continues at a relatively constant rate for the life of the arthroplasty [1] .
The use of a dual mobility cup is an option to overcome the problem of instability after total hip replacement. However, long-term outcome data regarding its use is limited in the current literature. From our review, we found that there were significant complications after the use of first generation cups, which were mainly due to premature wear of the polyethylene, leading to early intraprosthetic dislocations [2, 9] . Fracture of the polyethylene was described in one case [36] .
More recently, the long-term outcomes for secondgeneration dual-mobility cup have been more promising; however, the durability of the cups seems to be a concern. Recent modifications of the original implant design have aimed to improve the durability of the implant [9] . Such developments include mostly polyethylene manufacturing techniques (cross-linking) and improvements in metal cup fixation.
In the literature, the survival rates of primary total hip arthroplasty with dual mobility cups have been reported to be greater that 95 % at five years. This rate decreased significantly at 15 years, reaching around 80 % and dropping to 75 % at 20 years [13] . Those figures compare to data retrieved from national registries suggest revision risks of 5-20 % ten years following primary THA [48] .
In cases of revision surgery for unstable THAs, use of the dual mobility cups has shown to have high survival rates of more than 94 % at five years, with a low incidence of recurrent dislocation [43, 44] . However, it is unclear whether this rate decreases with the length of follow-up. As such, data from large series with long follow-ups are mandatory to fully establish the eventual long-term benefit of tripolar cups.
Furthermore, the dual mobility cup has been shown to be beneficial in the context of tumour resection, with lower dislocation rates described in the literature [49] [50] [51] [52] . Thus, this technique remains a therapeutic option in patients with high risk of dislocation following tumour resection. Nevertheless, we need to keep in mind the issue of long-term survival of dual mobility cups in young and active patients, whose life expectancy is to be significantly improved as a result of adjuvant treatments. However, due to the lack of robust long-term results with regard to wear and aseptic loosening, and the lack of clinical data with high levels of evidence, tripolar systems should be used with caution, particularly in young and active patients [40] .
In summary, the tripolar cup, which was developed by Bousquet in the late 1970s, was innovative in hip arthroplasty. Since its first design, improvements have been adopted on the acetabular fixation system and the quality of the polyethylene. However, its effects on long-term implant survival remain to be assessed. Studies have shown a clear effect reducing the rate of dislocation in cases of primary THA, revision THA and in cases of periacetabular tumour resection. However, in view of the limited long-term data on tripolar systems and the concerns with regard to theoretical downsides (i.e. wear rates and aseptic loosening), such cups should be used with prudence, particularly in standard primary hip arthroplasty in patients with a long life expectancy.
